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ABSTRACT. The electronic absorption line shape and Stark spectrum of the lowest épgtrgyisition of

the special pair in bacterial reaction centers contain a wealth of information on mixing with charge
transfer states and electronic asymmetry. Both vary greatly in mutants that perturb the chemical composition
of the special pair, such as the heterodimer mutants, and in mutants that alter interactions between the
special pair and the surrounding reaction center protein, such as those that add or remove hydrogen bonds.
The conventional and higher-order Stark spectra of a series of mutants are presented with the aim of
developing a systematic description of the electronic structure of the excited state of the special pair that
initiates photosynthetic charge separation. The mutants L168HF, M197FH, L131LH and L131LH/M160LH/
M197FH are known to have different hydrogen-bonding patterns to the special pair; however, they exhibit
Stark effects that are very similar to wild type. By contrast, the addition of a hydrogen bond to the M-side
keto carbonyl group of the special pair in M160LH greatly affects both the absorption and Stark spectra.
The heterodimer special pairs, L173HL and M202HL, exhibit much larger Stark effects than wild type,
with the greatest effect in the M-side mutant. Double mutants that combine the M-side heterodimer and
a hydrogen-bond addition to the L-side of the special pair decrease the magnitude of the Stark effect.
These results suggest that the electronic asymmetry of the dimer can be perturbed either by the formation
of a heterodimer or by adding or deleting a hydrogen bond to a keto carbonyl group. From the pattern
observed, it is concluded that the charge transfer statByP has a larger influence on the excited state

of the dimer in wild type than the PPy*charge transfer state. Furthermore, asymmetry can be varied
continuously, from extreme cases in which the heterodimer and hydrogen-bond effects work together, to
cases in which hydrogen bonding offsets the effects of the heterodimer, to cases in which the homodimer
is perturbed by hydrogen bonds. This leads to a unified model for understanding the effects of perturbations
on the electronic symmetry of the special pair, and this can be connected with perturbations on the properties
of many other systems such as donacceptor-substituted polyenes.

Photoexcitation of a strongly interacting pair of bacterio- ence of a hydrogen bond from histidine L168 tg Bne of
chlorophyll (BChl} molecules called the special pair or P the bacteriochlorophylls comprising P. As it is generally
in bacterial photosynthetic reaction centers (RCs) initiates a believed that some combination of symmetry-breaking amino
series of light-driven charge separation reactions. The singletacid differences on the L and M branches of the RC is the
excited state of PP, transfers an electron within a few origin of unidirectional electron transfer, it is interesting to
picoseconds to H a bacteriopheophytin (BPhe) molecule investigate the electronic asymmetry of the special pair
that is the initial electron acceptat)( As shown in the upper  caused by environmental perturbations, and this is the
part of Figure 1, there are two similar sets of chromophores purpose of the present investigation.

related by a localC, axis of symmetry that can serve as Previous data suggest th#® is not electronicallyC,
eIectrpn agceptors, yet only the chromophores on the '—S'desymmetric; that is, the local symmetry is broken upon
(the right side as illustrated, sometimes denoted\theanch) — photoexcitation. In particular, Stark spectroscopy shows that
participate in the initial charge separation processes. The highy sypstantial separation of charge occurs upon photoexcita-
level of structural symmetry is also evident within P itself 5 of P. and the change in dipole moment between the
as illustrated in the lower part of Figure 1. Examination of graund and excited statéy, is substantially larger for P
amino acid residues in the immediate vicinity of P reveals inan for a monomeric BChUj. Significantly, the measured
one obvious source of environmental asymmetry, the Pres-angleca betweemAu and the transition dipole moment of P

T This work is supported in part by the NSF Biophysics Program demonstrates thatu is not parallel to the; symmetry axis.

* Corresponding author: Phone (650) 723-4482; Fax (650) 723- Th'_s suggests thatu for P cannot S'mp'}/ be an_ equally
4817; E-mail Sboxer@leland.stanford.edu. weighted vector sum oy for each BChl in the dimer, as

! Abbreviations: BChl, bacteriochlorophyll; BPhe, bacteriopheo- the resultingAu would lie along theC, axis @). These

phytin; CT, charge transfer; ENDOR, electronuclear double reso-  gnactroscopic observables describe the difference between
nance; EPR, electron paramagnetic resonance; FTIR, Fourier transform

infrared; ITO, indium tin oxide; LDAO, lauryldimethylamirlg-oxide; the ground—_ ar?d eXCite.d.'State properties of P at the_ instant
RC, reaction center. of photoexcitation. Additional changes may occur during the
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in these RCs have significantly altered spectroscop@; (

P 11) and functional properties1®). Mutants have been
designed in which the histidine residue (His L168) that is
hydrogen-bonded to the peripheral conjugated carbonyl group
is removed or in which non-hydrogen-bonding amino acids
near to conjugated carbonyl groups of P (residues M160,

BL L131, and M197) are replaced by histidine residues that are
capable of forming hydrogen bonds3-16). The presence
or absence of these hydrogen bonds leads to changes in the
carbonyl stretch frequency detected by FTIR)(and FT
Raman spectroscopie$g—20). These hydrogen-bond mu-
tants exhibit large and systematic variations in the oxidation
potential of the special pail, 20).

Interesting changes are also observed in the electronic
HM HL absorption spectra of these mutants, but no systematic study
has been presented. There has been considerable speculation
on the role of the internal charge transfer (CT) states, e.g.,
P."Pw~ and R~Py", and their influence on the properties
of the dimer electronic transition21—25). In a simple one-
electron picture, such states are likely to be close in energy
to the pure exciton states of the dimer. The relative energy,
reorganization energy, and electronic coupling of these
intradimer CT states with the exciton states should have a
substantial effect on the electronic propertiedRfFurther-
msL173  H==-0f more, changes in the hydrogen bonding or formation of a
His L168 ][:) heterodimer should alter the energies of these internal CT
= ) states, as addition of a hydrogen bond or removal of the Mg
N rop from one side of the dimer should make that side harder to
.O Mg L Leu L131 .. .
% e o )—/_ oxidize and easier to reduce.

H,C In a recent paper2g), we modeled the line shape of the
o= S Q, electronic absorption band for the heterodimer mutant
Leu Mi60 -~ Swi Yo M202HL (BChl BPhe,) in Rhodobacter sphaeroidesing

' a charge resonance theory. This model consists of three

{1 L states: the ground state, a pure molecular exciton state, and

T w0 a vibronically broadened CT state. Two parameters govern

W the observed absorption line shape: the relative coupling

Ficure 1: Schematic diagram of the chromophore arrangement StrengthR, which is the ratio of the electronic coupling

(upper panel) derived from X-ray structures of reaction centds ( strength to the vibronic bandwidth of the CT state (treated

and an enlarged cross-sectional view of the special pair (lower g5 3 Gaussian for simplicity), and the relative energy shift

panel) showing amino acids residues in wild type that have been 5 '\ hich js given by the location of the exciton state within
altered by site-directed mutagenesis. the vibronic continuum of the CT state. It was shown that
the unusual absorption spectrum of the heterodimer special

!P lifetime prior to electron transfer, but there are few data pair could be modeled by using an intermediate coupling

on this point. There have been many studies using EPR andstrength R~ 0.33). By examining the effects of the selective

ENDOR spectroscopy of'Rthe product of the initial charge  addition or deletion of hydrogen bonds to peripheral con-

separation reaction, that demonstrate that the hole is notjugated carbonyl groups of the heterodimer, it could be

equally shared by the two halves of the special p&iy. demonstrated that the BGhBPhe,~ intradimer CT state

These measurements are typically made on a long time scalés closer in energy to the exciton state than the B@Phe,*

compared to the initial charge separation processes. Ad-CT state (the latter is expected to be substantially higher in

ditionally, an absorption band has been observed centerecenergy since BPhe is more difficult to oxidize than B@hl

at about 2600 cmt when the special pair is oxidized)( vitro (27); the analysis in re26 gives the absolute placement
and this has been attributed to the transition between theof the energies of these states).
nondegenerate PPy and R,P." states §). Likewise, the In this paper, we address the broader question of whether

triplet state of P has been shown to possess significantthe native homodimer and hydrogen-bond mutants of the
charge-transfer charactéf, 6). The relationship among these  homodimer can be understood within the same qualitative
different observables will be discussed below. framework as the M202HL heterodimer. For the homodimer
The influence of amino acids in the vicinity of P, shown special pair in wild-type RCs, it is likely that the energies
in the lower part of Figure 1, has been explored in several of P.*Py~ and R~Py* are much closer than in the
studies. If either Mg-ligating histidine residue is replaced heterodimers, so a correct model must consider interactions
with Leu, a heterodimer is formed in which one of the BChls with both these CT states. This remains to be developed,
is replaced by a bacteriopheophytin (BChl in which the Mg and the data presented should serve as an experimental guide
is replaced by two hydrogen atom®)(The special pairs  for further theoretical studies. Conceptually, one expects a
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continuous evolution from the wild-type homodimer in a For frozen, isotropic samples, the conventional@r&ark
relatively more symmetric environment to a homodimer in spectrum can be described as the sum of derivatives of the
a more asymmetric environment to the extreme case ofabsorption spectrunBg, 34):

asymmetry of the heterodimer. Conversely, the extreme
asymmetry introduced into the heterodimer mutants by

) _ 2
converting a BChl to BPhe can be made more symmetric to AA(V.F*.20) = (Feq)” x

some extent by environmental changes such as compensating - A(1_/) -0 A(1_/)

hydrogen bonds. Furthermore, the overall direction of the B B vdl— C v —

electronic asymmetry can be altered as it is imposed locally A)(A(V) 4 X LA ’; 5 v (1)
e g 30 o

on one side or the other, either by formation of the BEhl
BPhe, heterodimer (M202HL) or the reverse BGBIPhe . _— _ '
heterodimer (L173HL) and/or by asymmetric introduction WheréFe« is the external applied field,is the local field

or deletion of hydrogen bonds to conjugated carbonyl groups. SOTectior his Planck’s constant, aruis the speed of light.
As described below, this viewpoint makes a close connection 1he coefficientsAy, B,, and C, are associated with the
with descriptions of doneracceptor-substituted polyenes Molecular properties of the syste).is related to the change
whose electronic properties have been extensively studied!n the transition moment upon application of an applied field,
(see, e.g., red1 for parallel investigations). This places the By is associated with the change in polarizabiliy between
systematic analysis of the special pair in the RC into a much the ground and excited states, aBdis given by

larger context.

C,=Aul5+(3cofy —1)(3cod¢, — 1 2
MATERIALS AND METHODS 2= Ao x = 1)

All mutant RC strains except for L168HG and L173HL C, depends only o\u andl,, the angle betweeAu and
were kindly provided by Professors JoAnn Williams, Jim the transition moment direction. For our purposes, only the
Allen, and Neal Woodburyl@, 15, 16). The L168HG mutant ~ magnitude of the second-derivative component in a Stark
was prepared as described previoustg)( The L173HL spectrum will be considered, and this is only related\to
mutant was engineered with a poly(histidine) tag at the (35). {a was determined from the ratio of the Stark spectra
N-terminal end of the M subunit; this poly(histidine) tag has taken at different experimental anglgs
been shown to have no effect on the properties of the RC
but greatly facilitates RC isolatior29). RCs were obtained

from Rhb. sphaeraidesells grown under semiaerobic condi- the numerical second derivative of the experimentaS2ark

tions in the dark %0). spectrum should share the same line shape as the experi-

Stark and absorption spectra of @gbands were obtained  myental 4» Stark spectrum, and their amplitude ratio can be
at 77 K for RCs in 50/50 (v/v) glycerol/buffer (10 mM Tris, | ;sed to determinéyu directly:

pH 8, and 0.05% LDAO) glasses with a typical OD of 0.35
at 800 nm. The Stark sample cell was constructed from two -
glass slides coated with 1700 A of indium tin oxide (ITO) AA(V,4m)
and separated by a 2Bn Kapton spacer. The sample was _
immersed in liquid nitrogen in a dewar with strain-free quartz v d?

If Au dominates the Stark effect, the samg can be
determined from the & Stark spectrum3g). In this case,

AAW,20) 2

windows. The thickness of the sample was measured with a 4

micrometer or calculated from the interference fringes present Aﬂ2F2[7 +2(3 coé ¥ — 13 coé &y — 1]

in the normal incidence absorption spectra. The values 55 3)
obtained from the two methods were in agreement to 1.0 280°c[5 + (3 co x — 1)(3 co$ &, — 1)]

um. Applied field strengths ranged from 0.6 to 0.8 MV/cm.

Stark spectra were obtained by use of lockin detection aswhere v d{AA(v,2w)/v]/dv? is the v-weighted second de-
described previously3(, 32). A digitally synthesized low-  rivative of the 2» Stark spectrum obtained by numerical
distortion sine wave from the lockin amplifier was amplified, differentiation.
producing an AC voltage across the sample. The lockin

amplifier was set to detect an even harmonie @ 4e) of To obtain derivatives of the absorption spectra at 77 K it

the field modulation frequency, and the corresponding was necessary to acquire absprphon speptra W.'thOUt interfer-
ence fringes and with a high signal-to-noise ratio. Therefore,

Stark spectra are denoted Dr 4w. The absorption was b i ¢ tak N le other th |
probed with horizontally polarized light, and a Si photodiode absorption Spectra were taken at an angiée other than norma

was used to detedtl andl. Spectra were acquired at normal incidence with a doubIe—peam Perkln—EImer. Lambda 12
incidence where the angjebetween the electric field vector ~ SPECtrometer. The absorption spectrum amplitude was then

of the probe light and the applied field direction is°@nd matched to the one taken with the Stark apparatus. The

at least one other angle (typicalfy~ 50°). The value ofy

was d?term'ned ,from the absorp'glon spectrum at each angle 2The local electric field at the molecule is equal to the external

by taking the ratio of the absorption at the angle relative to (applied) fieldFex multiplied by the local field correctioh The local

that at normal incidence and computing the angle from the field correction is related to the dielectric constant of the medium and

difference in path lengths. The amplitudes of Stark spectra € shape of the cavity, which should be approximately the same for
e all the mutants. For simplicity, subsequent references to the field will

at angles other than normal incidence were corrected for theyse the notatiorF and the values obtained for the difference dipole

change in the absorption due to the change in path length.will be reported as debyds/
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Table 1: Absorption and Stark Band Positions and Absorption Full Widths at Half-Maximum for the Speci@, Haansitions in Reaction
Center Mutants

reaction center absorption maximum  absorption FWHM  minimunwoB2ark spectrum  maximum of#AStark spectrum
wild type 11220 570 11250 11310
L131LH 11190 730 11190 ~11100
M160LH 11160 ~1000 10930 10900
L173HL 11380 >1000 11180 11150
M202HL 11000 nd 10700 10670
11800
M202HL/L131LH 11160 >1000 11000 10970
M202HL/M160LH 10500 nd 10300 10260
11500 11500 11500
L168HF 11470 670 11450 11500
L168HG 11360 730 11190 11190
L168HF /M197FH 11740 660 11740 11810
M197FH 11260 550 11200 11150
L131LH/M160LH/M197FH 11270 630 11220 11170

aMeasurements were made in 50% glycerol at 77 K. All values are given in reciprocal centimeters.
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FiGure 2: Absorption (top), @ (middle), and 4 (bottom) Stark -5 1T

spectra oRb. sphaeroideRCs for wild type (left) and the M197FH T oo 00 oot 12000
mutant (right) in the Qregion at 77 K. The bands associated with ENERGY(cm")

the special pair (P), the bacteriochlorophyll monomers (B), and the p,ee 3. Absorption (top), @ (middle), and & (bottom) Stark
bact?rlopheophytlln(? t(H) are l?bellgd (Cft' F'%‘g% 1)t. ;—Ghoe absorp:jtl?r:\ spectra of the dipmer b(fin%)bf VE/T (Ieft)),, L131LH( mutan% (center),
spectra were scaled to an optical density of 0.2 a nm, and the : :

Stark spectra were normalized to an applied field of 1.0 MV/cm to and M160LH mutant (right). The mutations add a hydrogen bond

facilitate comparison in this and all subsequent figures. tl(;.the ring E keto carbonyl on opposite ends of the dimer (cf. Figure

monochromator on the Stark apparatus and the spectrophOzaction above and in detail elsewhedé)( the H-band Stark
tometer had approximately the same resolution (1.7 VersUSgpactrum is dominated hixu. The values ofAx obtained

2 nm). for the H bands in these mutants fall within a small range
RESULTS from 3.5 to 3.8 Df. As has been shown by Zhou and Boxer
(37), the higher-order Stark spectrum in the B band region
All spectra presented in the figures were obtained with ~ contains an interesting new resonance Stark effect and
= 90°. The applied electric field strengths have been scaled therefore cannot be used for standardization.
to a field strength of 1.0 MV/cm, and the absorption spectra  The position and bandwidth of the dimer absorption band
were normalized to an OD of 0.2 at 760 nm (see below) to in the M197FH mutant are comparable to those of wild type.
facilitate comparisons. Theu2Stark spectra depend &+t The position of the minimum in the«? Stark spectrum
and the & Stark spectra depend oR*. We begin by deviates only slightly from the maximum of the absorption
describing the results qualitatively, including trends associ- band (Table 1), which is also a characteristic of wild type.
ated with different classes of mutation. This is followed by This suggests thatu dominates the Stark effect for M197FH
a more quantitative analysis. and wild type. Interestingly, the M197FH mutation causes a
Addition of a Hydrogen Bond to tha/AAcetyl Carbonyl.  large variation in the redox potential of the dimei6),
The absorption, @, and 4» Stark spectra of th@, bands at despite their nearly identical absorption and Stark spectra.
77 K for wild type and the M197FH mutant are presented  Mutations That Add a Hydrogen Bond to Keto Carbonyl
in Figure 2. The absorption of the H band due to the two Groups.The absorption and Stark spectra of the P band for
BPhes can be used for normalization as this band is relativelyhomodimer mutants in which a hydrogen bond has been
unchanged by the mutations near the special pair. In alladded to a keto carbonyl at either end of the special pair
mutants examined, the second derivative of the H-band (see lower part of Figure 1) are compared with WT in Figure
absorption spectrum matches the line shape ofdtsSgark 3. The L-side mutant (L131LH, center panel) is similar to
spectrum very well. Furthermore, the second derivative of wild type (left panel) in both the line shape of the absorption
its 2w Stark spectrum matches the line shape of theStark band and the magnitude of the Stark effect. In contrast, the
spectrum; thus, as discussed in the Materials and MethodsM-side mutant (M160LH, right panel) exhibits a much
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Ficure 4: Absorption (top), @ (middle), and & (bottom) Stark FiGure 5: Absorption (top), @ (middle), and & (bottom) Stark
spectra of the dimer band of WT (left), the L173HL mutant (L- spectra of the dimer band of the M202HL mutant (M-side
side heterodimer, center), and the M202HL mutant (M-side heterodimer, left), the M202HL/L131LH double mutant (center),
heterodimer, right). and the M202HL/M160LH double mutant (right).

broader absorption line shape, and its Stark spectrum has &ared to the M-side heterodimer mutant in Figure 5. Addition
Iarger amplitude and very different line Shape than that of of a hydrogen bond to the Conjugated Carbony| groups at
the P band in wild type (see Table 1). Inthe L131LH mutant, gpposite ends of the dimer (see lower part of Figure 1)
the minimum of the @ Stark spectrum matches the absorp- produces rather different effects on the heterodimer band.
tion band maximum. However, for the M160LH mutant, the | the M202HL/M160LH mutant, the absorption spectrum
minimum of the 2» Stark spectrum is shifted substantially of the dimer becomes even broader than that in M202HL.
to lower energy by about 230 crh compared to the |nterestingly, the higher-energy feature around 860 nm is
maximum of the absorption band. Qualitatively, two conclu- more intense than the lower energy feature around 940 nm
sions can be drawn. First, addition of a hydrogen bond 10 jn the M202HL/M160LH mutant, whereas the two features
the M-side chromophore of the dimer has a larger effect on haye comparable intensities in the M-side heterodirh. (
the absorption and Stark spectra than the addition of a|n M202HL/L131LH, where a hydrogen bond is added to
hydrogen bond to the L-side chromophore. Second, the effectihe |-side of the dimer (Figure 5, center panel), the dimer
of adding a hydrogen bond to the M-side keto carbonyl group apsorption band is narrower than that in M202HL, though it
of the special pair produces a larger perturbation on its js still broader than in WT. In contrast to M202HL/M160LH,
absorption and Stark spectra than adding a hydrogen bondhe lower energy side of the dimer absorption in M202HL/
to the M-side acetyl group. L131LH contains a prominent absorption peak and no higher-
Heterodimer MutationsThe spectra of the dimer band for energy absorption feature is discernible from the absorption
the L-side heterodimer (L173HL, the reverse heterodimer) spectrum. For the Stark spectra, the minimum of thes2ark
and the M-side heterodimer (M202HL) mutants are compared spectrum of M202HL/L131LH mutant is shifted about 160
with wild type in Figure 4. Both heterodimers have spectra cm* to lower energy than the maximum of the absorption
that differ significantly from that of wild type. The L173HL  spectrum, while the minimum of the Stark spectrum for the
mutant (center panel) has a broader absorption band tharlow-energy feature of the M202HL/M160LH double mutant
wild type, while the M202HL mutant (right panel) has a is shifted about 200 cn to lower energy compared to the
much broader, extended dimer absorption band with two maximum of the absorption. Overall, the M160LH mutation
poorly resolved absorption maximaQ). The line shapes of  on the M-side of heterodimer M202HL causes the dimer
the 2v and 4v Stark spectra for both heterodimer mutants absorption band to become even broader than that of
are very different from that of wild type, and the magnitude M202HL, while the L131LH mutation on the L-side of
of the Stark effect in both mutants is substantially larger than heterodimer M202HL reverses the trend and causes the dimer
that of wild type. In the L173HL mutant, the minimum of absorption band to be narrower and more similar to WT.
the 2w Stark spectrum is shifted substantially to lower energy Furthermore, the absorption and Stark data of the M202HL/
by about 200 cm! from the maximum of the absorption L131LH mutant are strikingly similar to the M-side hydrogen-
band. Likewise, the minimum of theu?Stark spectrum of ~ bond mutant M160LH (right panel, Figure 3) and the L-side
the lower-energy feature in the M202HL spectrum is shifted (reverse) heterodimer mutant (center panel, Figure 4). The
by about 300 cm! to lower energy from the maximum of  origin of these similarities despite seemingly diverse per-
the corresponding absorption feature. Interestingly, the turbations will be discussed further below.
absorption and Stark characteristics of the L173HL mutant  \ytations That Reme the Hydrogen Bond from the
panel, Figure 3). Qualitatively it is evident that formation iy which His has been replaced by Phe or Gly are compared
of the M-side heterodimer is a more severe perturbation to with WT in Figure 6. These mutations remove the hydrogen
the abs(:)rption and Stark Spectra than formation of the L'Side bond between the protein and the acety| Carbony| group Of
heterodimer. PL (see lower part of Figure 1). The P band in both mutants
Heterodimer/Hydrogen-Bond Mutant§he data for two is shifted to higher energy compared to wild type, as has
M-side heterodimer/hydrogen-bond double mutants are com-been reported previously for the L168HF mutabf)( the
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. . . (center), and M160LH mutant (right). The derivatives are multiplied
FIGURE 6: Absorption (top), @ (middle), and & (bottom) Stark —  pihe following factors to give approximately the same magnitude
spectra of wild type (left), the L168HF mutant (middle), and the as the data: wild-type absorption derivative (1200) Stark

L168HG mutant (right). derivative (750); L131LH absorption derivative (1400y Stark
derivative (1350); M160LH absorption derivative (420Q), Stark

bandwidths are only slightly greater than in wild type (Table derivative (2200).

1). Although the absorption spectra are similar to each other,
there are differences in the shape, position, and magnitudemuch broader than the corresponding mutation on the L-side
of the Stark spectra. For example, the minimum of the 2 (L173HL). Addition of a hydrogen bond to the M-side
Stark spectrum for the L168HG mutant is shifted by 170 heterodimer in M202HL/M160LH further broadens the dimer
cm! to lower energy compared to the maximum of the absorption, while addition of hydrogen bond to the L-side
absorption band, while the minimum of thew2Stark in M202HL/L131LH reverses the trend and the dimer
spectrum for the L168HF mutant is only slightly shifted20 absorption band becomes narrower than that in M202HL but
cm1) from the maximum of the absorption. Likewise, it is still much broader than in WT. Interestingly, the dimer
apparent from thed Stark spectrum that the magnitude of absorption and Stark spectra for M202HL/L131LH and
the Stark effect is larger in the L168HG mutant. M160LH are very similar despite the fact that the dimer is
Multiple Hydrogen-Bond Mutationdata have also been  a heterodimer in the first case but a homodimer in the second.
obtained for the L168HF/M197FH and L131LH/M160LH/ This indicates that the effects of adding a hydrogen bond to
M197FH mutants (not shown). The P band of the L168HF/ the keto carbonyl and BChl-to-BPhe modification on absorp-
M197FH mutant is shifted 500 crh to higher energy tion spectra and Stark effects may share a common physical
compared to that of wild type. Although the band positions origin, though differing in the effectiveness or strength of
of the absorption and Stark spectra appear to be aligned inthe perturbation. Mutants in which the hydrogen bond is
this double mutant, this evaluation is complicated by overlap removed from the acetyl carbonyl group (L168 mutants)
of the dimer band with the B band. The Stark and absorption belong to an entirely different category since their absorption
spectra of the L131LH/M160LH/M197FH mutant are es- Spectra are blue-shifted compared to wild type, while the
sentially identical to those of the single mutant M197FH, magnitude and shift of the Stark spectra may or may not be
and therefore are similar to those of wild type. Since this Similar to wild type.
triple mutant has characteristics of M197FH and not M160LH,  Quantitatie Analysis of Stark EffectSigure 7 (top panels)
it appears that the addition of a hydrogen bond to the L-side shows a comparison of the line shape of the second derivative
keto carbonyl group compensates for the effect of adding a of the absorption spectra with thev2Stark spectra for the
hydrogen bond to the M-side keto carbonyl group. three homodimers. This comparison is important because it
In summary, two characteristic observations regarding is the basis on whichu is obtained by the type of analysis
absorption and Stark spectra can be used as a qualitativedriginally developed by Liptay33). The wild-type 2» Stark
guide in classifying the independent and combined effects spectrum line shape (Figure 7, left panel) is similar to the
of hydrogen-bond and heterodimer mutations. The width and second derivative of the absorption spectrum. This agreement
position of the absorption band compared to that of wild of the line shapes suggests thAp is the dominant
type is the first characteristic used for classification. The contributor to the Stark spectrurgd). In the L131LH mutant
magnitude of the Stark effect and position of the minimum (upper middle panel), the second derivative of the absorption
of the Stark effect compared to the absorption spectrum is also similar to the @ Stark spectrum, again suggesting
maximum is used to further categorize these mutants. ThethatAx dominates the Stark spectrum. Other reaction centers
special pair in WT and heterodimer in M202HL can be that fit into this line shape category include L168HF,
viewed as two limiting cases. Hydrogen-bond addition to M197FH, L131LH/M160LH/M197FH, and M197FH/L168HF
the M-side keto carbonyl group (M160LH) results in a mutants. In all these mutants, the line shapes of the second
broader P band with a larger Stark effect than in WT. In derivative of the absorption and the Stark spectra match
contrast, hydrogen-bond addition to the symmetry-related Well enough so thafAu| can be calculated by using eq 2.
L-side keto carbonyl group (L131LH) as well as to the The calculated difference dipoles range (Table 2) from 5.9
M-side acetyl group (M197FH) appears to have little effect to 7.0 D, all similar to wild type (5.5 D).
on the Stark or absorption spectra. BChl-to-BPhe modifica- In the M160LH mutant (Figure 7, upper right panel), the
tion of the M-side (M202HL) causes the dimer band to be Stark spectrum is shifted by 200 cfto lower energy from
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Table 2: Difference Dipole Moment$Au|, and Anglesia betweenAu and the Transition Dipole Moment Extracted from the Stark Data

reaction center |Au|(2w)2 (DIf) ratic |Au|(4w)° (DIF) &2 (2w)¢ Z2 (4w)e
wild type 55+ 0.5 800+ 80 7.5+ 1.0 444 2 4442
L131LH 59+ 0.5 1440+ 90 10.1+ 0.3 40+ 3 34+ 3
L168HF 6.9+ 0.3 14104+ 130 10+ 0.5 35+ 2 34+ 2
L168HG 2270+ 180 39+ 2 37+ 3
M160LH 2380+ 180 40+ 2 34+3
M197FH 6.0+ 0.5 1350+ 150 9.8+ 0.5 46+ 3 47+ 3
L168HF/M197FH 7.0£ 0.5 14104+ 130 10.0+ 0.5 32+ 3 31+ 2
L131LH/M160LH/M197FH 6.7+ 0.3 1550+ 150 10.5£ 0.5 47+ 2 45+ 2
L173HL 2880+ 200 32+ 2 32+ 2
M202HL 4560+ 500 364 2 364+ 2
M202HL/L131LH 2380+ 300 39+ 2 38+ 2
M202HL/M160LH 5080+ 500 30+ 2 32+ 2

a|Au| was obtained from the ratio of the second derivative of the absorption andvtt8ta2k spectrum (egs 1 and 2). For those mutants for
which the Stark line shape deviates significantly from the shape of the second derivative or for which a second derivative of the absorption could
not be obtainedAu| was not obtained by this methotiRatio of 4 Stark to the second derivative obhStark atF = 1.0 MV/cm andy = 54.7
(to eliminate angle dependencé)Au| was obtained from the ratio of the second derivative of theSRark spectrum and thevAStark spectrum
(eq 3).9 Obtained from the ratio of the«? Stark signal at different experimental anghes® Obtained from the ratio of thea# Stark signal at
different experimental angleg

the minimum of the second derivative of the absorption, and To compare the magnitude of the Stark effect in all the
the shape of thed Stark spectrum deviates significantly mutants, we obtain a ratio of the second derivative of the
from that of the second derivative of the absorption spectrum. 2w Stark spectrum to thew! Stark spectrum (Table 2). For
Other mutants that belong in this category include L173HL, those mutants in which the second derivative of the absorp-
L168HG, and M202HL/L131LH. In all these mutants, the tion matches the Stark line shape, we would expect to obtain
Liptay model of the Stark spectrum based on the derivatives the samegAu| from this analysis as from the analysis using
of the absorption spectrum does not work, since even if the the second derivative of the absorption spectrum anddhe 2
first and zeroth derivatives of the absorption spectrum are Stark spectrum. Estimated values [@®u| based on this
used in the model, the large shift in the Stark spectra cannotapproach (eq 3) for these mutants are reported in Table 2.
be explained. Therefore, the difference dipole for these The value of|Au| obtained for wild type is 7.5 D, while
mutants cannot be calculated by using derivatives of the those obtained for the mutants with Stark line shapes similar
absorption spectrum. to wild type were approximately 10 D. In all cases, he|

The M202HL and M202HL/M160LH mutants belong to  obtained from this method is larger than from the conven-
a third classification of Stark line shapes. In these mutants, tional comparison of the second derivative of the absorption
the absorption band is very broad, so a second derivative ofto the 2v Stark data. There are several possible explanations
the absorption spectrum cannot be reliably obtained. How- for this difference. First, our model is limited because it
ever, it is clear from position of the absorption maxima and considersAu to be the only significant contribution to the
Stark minima (Table 1) that these mutants also have anStark spectra and does not consider any other contributions,
extremely red-shifted Stark spectrum, giu| cannot be such as the difference polarizabilitha. Second, the
reliably obtained for these mutants by using the derivatives underlying assumptions of the Liptay analysis may not be
of the absorption spectrum. appropriate for this system, even if the CT state energies
are relatively distant. Third, it is possible that the absorption
feature that gives rise to the observed Stark spectrum on the
low-energy side is buried under an absorption feature whose
Stark is much smaller. Using the value|6fu| obtained from
the ratio of the second derivative of the Btark spectrum
to the observedd Stark spectrum, we can work backward

to the maximum of the @ Stark spectrum. Comparison of to obtain the_z putative absorption of such an underlying band.
the second derivative of thes2Stark spectrum with thes In effect, this uses the Stark spectrum to explore a possible
Stark line shape (Figure 7, bottom panels) further emphasizeg!€convolution of the absorption band. Application of this
this observation. For wild type (lower left panel), the 4  Procedure produces a band on the low-energy side that is
Stark spectrum is shifted to higher energy relative to the Much too large to be consistent with the observed absorption,
second derivative of thei2Stark spectrum and exhibits less  Indicating that this mechanism is not operative.

structure, so the line shapes are not identical. For L131LH In the following, we will use the ratio of the second
(middle panel), the line shape of thev4Stark spectrum  derivative of the @ Stark effect to the & Stark effect to
matches the line shape of the second derivative of the 2 obtain a better estimate of the comparative magnitudes of
Stark spectrum quite well. Finally, for M160LH (right panel), the Stark effects in all the different mutants, but we
the second derivative of thaw2Stark spectrum resembles emphasize that these values|af«| are model-dependent.
the 4w Stark spectrum. In all other mutants, including The ratios of the second derivative of the Stark to the
M202HL and M202HL/M160LH, the second derivative of 4w Stark are given in Table 2. As can be seen from this
the 2v» Stark spectrum also was found to match theStark analysis, there are three groupings in the magnitude of the
spectrum. Stark effect that correspond to the three types of line shapes

To analyze the Stark spectra further, it is useful to compare
the positions of the minima of thex2Stark spectra with the
maxima of the & Stark spectra (see Table 1). Surprisingly,
even for mutants in which thex2Stark spectrum minimum
is significantly shifted from the absorption maximum, the
minimum of the 2 Stark spectrum is at a similar position
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described above. First, the M202HL and M202HL/M160 a narrowing and increase in intensity of the lower-energy
mutants have very large Stark effects with a ratio-&000, band, while the higher-energy band broadens and its intensity
with the magnitude of the ratio for the double mutant being decreases.
slightly larger. The second group, which has a smaller ratio  This model can be used qualitatively to extract information
(~2500) than the first group, includes M160LH, L173HL, on the location of the CT states for all the mutants reported
M202HL/L131LH, and L168HG. Finally, the smallest ratios in this paper. The striking similarity in the absorption line
(~1400) are found in the mutants that appear to have Starkshape of M160LH, L173HL, and M202HL/L131LH suggests
effects most similar to wild type: M197FH, L168HF, that a CT state is located on the high-energy side of the
L168HF/M197FH, L131LH, and L131LH/M160LH/M197FH.  exciton state since the lower-energy feature is narrower and
more prominent than the higher-energy band. This type of
DISCUSSION placement was used to model the absorption line shape of
o the M202HL/L131LH mutant in some detai?§). In wild
Overall Trends.Qualitatively, many of the mutants have type and other homodimer mutants, the lower-energy feature
absorption and Stark spectra that are significantly different jg completely dominant, giving the appearance of a narrower
from those of wild type. Both the heterodimer mutants and apsorption band than that of the M160LH mutant. This line
those that affect hydrogen bonding to the keto carbonyl shape can be attributed to a CT state that has shifted to higher
groups appear to have specific effects on the electroopticenergy with respect to the exciton state. We stress that this
properties of the dimer. Formation of a heterodimer with a pjacement of states is qualitative for the homodimers because
BI_Dhe on the _M—side rgsults in the Igrgest change relative tothe model in reR6 only considers mixing with a single CT
wild type, while formation of the L-side heterodimer results - state. This is likely appropriate for a quantitative analysis of
in a smaller Change in the Spectra. LikeW|Se, formation of a the heterodimer absorption Spectra but not for the homo-
hydrogen bond at the keto carbonyl group on the M-side gimers.
results in changes to the absorption and Stark spectra that  stark Spectroscopfhe conventional analysis of:2Stark
are smaller than the M-side heterodimer mutation, while the effect spectra due to Liptay treats the effectsAgf, Aa,
symmetry-related mutant on the L-side has spectral featuresang the oscillator strength as contributing second, first, and
that are about the same as those of wild type. Combinationszeroth derivatives of the absorption line shape, respectively,
of the heterodimer and keto carbonyl mutations either result g the Stark line shape (eq 1). Typically, the Liptay-type
in further perturbation from that of wild type (€.9., M202HL/  analysis of Stark spectra works well for a transition that
M160LH) or have compensating effects leading to Spectra jnyolves one ground state and one excited state or instances
that are more similar to wild type (e.g., M202HL/L131LH). in which other excited states are sufficiently far away in
The characteristic changes of both the absorption and Starkenergy. This includes, for example, monomeric BChl and
spectra can be attributed to the electron-withdrawing effects gppe hoth isolated and in the RC [interesting deviations are
of the perturbations associated with the mutation and the fond in the higher-order Stark spectrum of, Bliscussed
resulting shifts in the energies of intradimer CT states. A iy detail elsewhere3)]. The Liptay model also appears
qualitative model for both the absorption and Stark spectra gfficient to account for thea Stark spectrum of the dimer
of these mutants and an overall description of the dimer pang of wild-type RCs and other RCs with similar line
electronic structure deduced from this information will be shapes. The Stark effect for the special pair in wild-type
described below. On the other hand, mutations that changereaction centers is substantially larger than for BChl, and
the hydrogen bonds to acetyl carbonyl groups can have little this has been attributed to a relatively laye associated
effect on the spectra (e.g., M197FH), can change the positionyith the mixing of intradimer CT states with the exciton
of the absorption spectrum but not the magnitude or line siate p3). A more detailed Liptay analysis at very low
shape of the Stark spectrum (e.g., L168HF), or may alter temperatures showed that there is also a significant first-
both the absorption and Stark spectra (e.g., L168HG). Thesegerivative component to the Stark spectrum, and this was
mutants cannot be described by the same model as the ongterpreted as indicating a large difference polarizability for
we propose for the keto carbonyl and heterodimer mutants. the special pair3s).
Possible reasons for the apparent differences in the perturba-  sjgnificant deviations from the expected Liptay line shape
tion of the keto and acetyl carbonyl groups by mutations haye been predicted when the observed transition is signifi-
that affect hydrogen bonds will be discussed below. cantly coupled to a third (or more) stat88( 39). This
Absorption Spectralhe lowest energy absorption bands situation can lead to variation of the electrooptic parameters
of the heterodimers and heterodimer/hydrogen-bond mutantsacross the band. Much of the data presented here also
have been discussed previously in the context of a molecularindicates that simple Liptay-type derivative analysis may be
exciton state mixing with a single broad CT sta2€)( The inadequate to account for all aspects of the Stark spectra for
two broad features of the dimer band of the M202HL the dimer. In those RCs that have absorption maxima and
heterodimer could be modeled by assuming an intermediate2w Stark minima at approximately the same position, the
electronic coupling strength between the two states. A shift second derivative of the absorption dominates the line shape
in the relative energies of the two states, holding the and thereforeAu would be predicted to be the dominant
electronic coupling approximately constant, was shown to factor in the Stark line shape. With this assumption, one
alter the relative intensities and bandwidths of the absorptionwould expect to obtain about the sanm&u| from the
features. For example, when the exciton state is located inconventional Stark analysis (eq 2) and the higher-order Stark
the center of the CT band, the resulting absorption band analysis (eq 3). However, the results of these analyses are
consists of two broad, symmetric bands. Shifting the CT band systematically different: the conventional analysis gives
to higher energy relative to the molecular exciton state causesfrom 6 to 7 D, while the comparison of thew4Stark
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spectrum with the second derivative of the 3tark spectrum M202HL ~ MI6OLH  Wildtype LI3ILH  LI73HL
gives |Au| ~ 10 D (Table 2). The shortcomings of the “__BChlL-BpheM+

analysis are far more apparent for those mutants in which —— BPher * BChin®
the 2v Stark line shape is substantially shifted to lower
energy compared with the second derivative of the absorption
(Figure 7). No combination of zeroth, first, and second
derivative line shapes of a single band can be used to fit the
2w Stark spectra for these mutants (e.g., M160LH). Those
mutants that have the most significant deviations from the —— BChIL* BPhey’
Liptay model are those that are also predicted to have a CT
state closer to the exciton state on the basis of the model forFIGURE 8: Diagrammatic representation of the relative energies of

the absorption spectra. We therefore attribute this deviationthe CT states in reaction center mutants based on the qualitative
) analysis of the results. The pure exciton state P* is assumed to

from the Liptay model as an indication of a more significant yemain the same for all the mutants, while the charge-transfer state
mixing of the CT state(s) with the exciton state. energies are perturbed. The charge-transfer states are represented

Electronic AsymmetryThere has been much discussion as narrow lines; however, these represent the maximum of a broad
on the role of the internal CT states of the dimer and their CT band g6).
influence on the asymmetry of the special pair electronic . .
states 22—24). These intradimer CT states cannot be Would predict stabilization of the PPy ™ state and desta-
degenerate in wild type as the excited state breaks the localilization of the Py~ state in this mutant, the energy
C, symmetry as discussed in the introduction. However, the Ordering of the CT statesiust be reersedin order for the
energy ordering and difference in energy of the two states special pair in th!s mutant to maintain the same amount of
are not obvious. Calculations suggest that thePR~ state asymmetry as wild type. This I_eads to the conclusion that
is lower in energy and that the separation between the twothe L131LH mutant has approximately the same amount of
intradimer CT states is on the order of 1000 ¢érn wild asymmetry as wild typéut the direction is different
type 24, 40). In the following, we attempt to correlate the The observed line shapes in the heterodimer mutants can
expected shift of CT state energies caused by changes irlso be understood with the model shown in Figure 8.
hydrogen bonding and/or the formation of a heterodimer with Replacement of the BChlyPby a BPhe, which is easier to
the observed changes in the absorption spectra and thégeduce than BChi, lowers the energy of the'R®y~ (now
magnitudes and line shapes of the Stark spectra. BChl.*BPhe,") state and increases the energy of theFg*

The mutations that add hydrogen bonds to the keto (now BChl"BPhe,*) state. The shifts in the energies of the
carbonyl groups cause comparable increases in the oxidatiorftates are larger for the mutation to BPhe than just the
potential of P,+65 and+85 mV relative to wild type for ~ addition of a hydrogen bond, causing a greater asymmetry
M160LH and L131LH, respectivelyif). The keto carbonyl  in the dimer. Therefore, the absorption spectrum is very broad
stretching frequencies also shift by about the same amountand the Stark effect is large. The L173HL mutation moves
in these mutantsl@), suggesting that the perturbations are the other CT state, BPheBChly™, closer to the exciton state
approximately equivalent on the opposite ends of the specialand shifts the BPheBChly~ state higher in energy.
pair (cf. lower part of Figure 1). These mutations should However, because of the starting position of these states in
have different effects on the asymmetry of the dimer becausewild type, the excited state of the dimer in the L173LH
adding a hydrogen bond to the L-side stabilizes thePR* mutant is less asymmetric than in the M202HL mutant; it is
state and destabilizes the'Py,~ state, and the converse is comparable (but reversed in sign) to the asymmetry found
expected when a hydrogen bond is added to the M-side. Asin the M160LH mutant. In the M202HL double mutants, the
can be seen in Figure 3, the absorption and Stark spectra ofddition of hydrogen bonds further alters the position of the
these two mutants are vastly different, implying that lowering CT states. The addition of a hydrogen bond to the M side of
the R*Py~ state and raising the PPy* state has a the dimer increases the asymmetry; in fact, in this mutant a
significant effect on the dimer band, while lowering the more detailed analysis of the absorption spectrum suggests
P.-Py* state and raising the PPy~ state has little effect ~ that the center of the CT state is well below the energy of
on the dimer band. the exciton state2). However, the magnitude of the Stark

Figure 8 presents a schematic diagram of the changes ineffect is not much greater than the Stark effect in M202HL.
state energies that can be used to systematically model theAddition of a hydrogen bond to the L-side of the dimer
observed effects. The starting point of this model requires decreases the asymmetry of the dimer, and the B8Rhe,~

that the P*Py~ state is located closer energy to the exciton State is increased in energy relative to that of the exciton
state than PPy" in wild type. As will be seen in the  state. This results in absorption and Stark spectra that are

following, only this assignment leads to a self-consistent Similar to those of the M160LH and L173LH mutants.
analysis of all of the data. Upon addition of a hydrogen bond  Another way to visualize the perturbations on the elec-
to Py, the R*Py~ state is lowered and the APy ™ state is tronic structure of the excited state is presented in Figure 9.
raised, thus increasing the asymmetry of the excited state.The dimer is considered to be an extendedystem from
The increased separation of the two CT states, with the the keto carbonyl on the L side to the keto carbonyl on the
P_"Pu~ state moving closer to the exciton state, combine to M side (see lower part of Figure 126). In wild type, there
account for the increased Stark effect as well as the observeds a small asymmetry in the excited state, characterized by
change in the absorption and Stark line shapes. For L131LH,more electron density on the M-side of the dimer. Addition
the excited state of the dimer retains about the sameof a hydrogen bond to the keto carbonyl on the M-side of
characteristics of asymmetry as that of wild type. Since one the dimer causes the electron density to be pulled toward

— PL'Py*
A — P Py
— PPyt

— P Py b Pt
L M

PL Py

RELATIVE ENERGY

—— BPhe, BChly*

— P*
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Py P, Py P, the dimer to the other. However, the data from the L168HG
Wild type o ST ) O TEE IO LI3ILM mutant, which has a large Stark effect much like that of the
M160LH mutant, suggest that this simple interpretation may

MIGOLH O—1® Ar——O v not be correct. In particular, the model presented here requires

M202HL/L131LH that all cases being compared share the sasgstem. The

acetyl groups are conjugated to theystem, and it is likely
M202HL @'—_—IGD that removal of the hydrogen bond to the acetyl groups
changes the conformation of the acetyl group. This is
M20ZHLMIGOLH @'ZC‘D reflected in the blue-shifted absorption spectra of these

Ficure 9: Schematic representation of the electron density on the m.utantS.QZ, 24). Itis aiso likely that dllfferent mutatlons'at

L versus M side of the dimer in the different reaction centers. The this position (Phe and Gly) lead to different conformations
rectangle represents the extendesystem of the dimer; the circles  of the acetyl group, since the maxima of the dimer absorption
represent the relative amount of electronic asymmetry on each sidebands are not the same. The Stark effect should also depend
of the dimerz system. At the top left, wild type is shown to have significantly on the structure of ther-system, so it is

gns rt?lae”ﬁg%’g t &fuﬁfrﬁgoggctﬁ:%w g:;y%c\;\s;hdr?g gaeezic;;?%gﬁirf:tg reasonable that the differences between L168HF, which has

the same direction as wild type, but with increasing magnitude of & Stark effect like that of wild type, and L168HG mutant,
the perturbation indicated by larger circles. Mutants on the right which has a Stark effect more similar to that of M160LH,
are found to be asymmetric in the opposite direction as wild type, arise from different conformations of the acetyl group in the
but with increasing magnitude of the perturbation indicated by larger 1o mutants. The L168HG mutant is similar to the L168HF
circles. The LH131 dimer has about the same magnitude of tant i "' th t it has b fi d that
asymmetry as wild type, and this asymmetry is increased in the mutant in all other respects, as 1t has gen conlirme a
L173HL mutant. the hydrogen bond to the Ricetyl group is removed and
the redox potentials obtained for the two mutants are
approximately the samel8).

the M-side of the dimer and therefore increases the asym- Different Meanings of Asymmetry iR, P*, and3P. The

metry. Replacement of BGlhwith a BPhe is a more severe amount of asymmetry in the oxidized ground state of the

change than the addition of a hydrogen bond and leads to ajimer P has been evaluated by ENDOR spectroscopy for
greater electron density on the M side. Some of the electronmany mutants44, 45). As expected, the heterodimers are
density on the M-side of the heterodimer can be pulled back highly asymmetric with the unpaired electron (hole) almost

It(ovtvard thbe L ?ide by adding a hydrtogtelzjbgndtrt]o tr(;e L-side ompletely localized on the more easily oxidized BChl
eto carbonyl group, as demonstrated by he ecreasec{;igment_ However, there appears to be less asymmetry in

magnitude of the Stark effect (compared to heterodimer) in the L173HL mutant than in the M202HL mutadd), which
the M202HL/L131LH mutant. Likewise, adding a hydrogen gualitatively agrees with the observations of the excited-state

bond to the L side keto carbonyl of the homodimer causes ; )
< it the slcton densiy toward the opposte side Lo e ESETLA I, For e Klo carony e
however, the magmtu_de of asymmetry remains about the more asymmetric than wild type, while the L131LH mutant
same as wild type. Fmally, when BGhis replaced by a was found to be more symmetric than wild typE) This
S]Phe’ the as%/mmetlry IS ?}so r](cave:rs]ed G?thhehmtagngyde Ofis not entirely consistent with excited-state observations: the
€ asymmelry 1S [ess than lor the W-side neterodimer. \,qgq) 1y mytant is more asymmetric than wild type, but the
Descnb_ed this way, the speC|aI“pa|r elecfronlc SUUCWUre IS | 131) H mutant appears to retain about the same asymmetry
much like a dqno1¢ac;ceptor ("puskrpull’) substituted as wild type. Likewise, while the L131LH/M202HL mutant
polyene system in which the dpnor and.acceptors can beshows less asymmetry than the M202HL mutant from the
\(/jg.ed to modulate the electrooptic properties of the molecule evaluation of the Stark spectra, ENDOR  spectroscopy
suggests that the hole is completely localized on the BChl
Mutations near the Acetyl CarbonyMdost of the mutants  molecule. Results from ENDOR experiments on the acetyl
in which hydrogen bonds to the acetyl groups are changedcarbonyl hydrogen-bond mutants also show thatsPmore
(M197FH, L168HF, L168HF/M197FH) have Stark effects symmetric in the L168HF mutant, while the M197FH mutant
that are similar in line Shape and magnitude to the wild- has about the same amount of asymmetry as wild type, and
type spectra. These results are surprising as modificationsjt was also suggested that the conformation of the acetyl
of the hydrogen bonds at the acetyl groups have been showryroup is an important factor in understanding the resaf (
to significantly perturb the FP oxidation potential6), and  For both of these mutants, the asymmetry in the excited state
the large changes in the carbonyl stretching modes suggeshppears to be about the same as in wild type.
that the added or removed hydrogen bonds are relatively The triplet state of P has also been examined in some of
strong (8). In all these mutants, one would expect the the mutants by low-temperature (1.5 K) absorption-detected
electron density to become greater on the M side of the magnetic resonancdg, 47). For the L131LH and M160LH
dimer. In fact, if the magnitude of the change in oxidation mytants, the electronic structure of the triplet state was found
potential can be used as a guide, one would expect to seqqg he the same as that of wild typ&7j. For the heterodimers,
larger changes in these mutants than in the M160LH mutant.the data suggest that the triplet state is largely localized on
The relative insensitivity of the absorption and Stark the BChl half of the dimer, although the L- and M-side
spectra to mutations in these positions could be due, in part,heterodimers are not equivaledt]. Therefore, it appears
to the fact that hydrogen-bond perturbations are located toothat the observations from experiments ona®d3P can be
close to the center of the-system and therefore may be related to those obtained for the excited state in the
ineffective in pulling the electron density from one side of heterodimers but not for the hydrogen-bond perturbations.



Electronic Asymmetry of the Special Pair

Although earlier studies demonstrate that the electronic
asymmetry of the dimer can be perturbed by hydrogen bonds
and heterodimer formation, they do not address the function-
ally important question of how the electronic characteristics
of 1P are perturbed. The characteristicd®fare, of course,
of particular interest because this could have a significant
effect on both the rate and the quantum vyield of electron
transfer. Since the asymmetry of the dimer should affect the
overlap of the orbitals involved in electron transfer between
the donor and acceptor, one would expect to see a different
effect when the mutations occur on the opposite side.
Therefore, if coupling is maximized with more electron
density on the M-side of the dimer (the situation in wild
type), one would expect the rates of the L-side mutations to
be slower than the corresponding M-side mutations. Ad-
ditionally, it has been argued that the increase in CT character
in P leads to an increase in the nonradiative decay rate,
reducing the quantum yield of charge separation in the
heterodimer mutantl@).

These expectations are borne out in this series of mutants.
The primary charge separation rates are slower in both the
L-side heterodimer and L-side keto hydrogen bond mutants
rates than in the corresponding M-side mutants. For the
heterodimer mutant, the electron-transfer rate to isl
reported to be about (80 pd)in M202HL, while it is at
least 2 times slower in the L-side heterodink2)( Likewise,
the electron-transfer rate to_ Hs about 2 times slower in
the L-side hydrogen-bond mutant as in the M-side hydrogen-
bond mutant 12). The quantum yields of both the nonra-
diative decay to the ground state and electron transfer to form
P"H_~ depend on the relative rates of these two processes.
So although the excited states in L-side mutants have less
CT character than in the corresponding M-side mutants, the
quantum vyields of electron transfer are simild2,(13)
because of the slower rate of electron transfer to H
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